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The transition from acute pain to chronic pain entails considerable changes of patients
at multiple levels of the nervous system and in psychological states. An accurate
differentiation between acute and chronic pain is essential in pain management as it may
help optimize analgesic treatments according to the pain state of patients. Given that
acute and chronic pain could modulate brain states in different ways and that brain states
could greatly shape the neural processing of external inputs, we hypothesized that acute
and chronic pain would show differential effects on cortical responses to non-nociceptive
sensory information. Here by analyzing auditory-evoked potentials (AEPs) to pure tones
in rats with acute or chronic pain, we found opposite influences of acute and chronic pain
on cortical responses to auditory inputs. In particular, compared to no-pain controls, the
N100 wave of rat AEPs was significantly enhanced in rats with acute pain but significantly
reduced in rats with chronic pain, indicating that acute pain facilitated cortical processing
of auditory information while chronic pain exerted an inhibitory effect. These findings
could be justified by the fact that individuals suffering from acute or chronic pain would
have different vigilance states, i.e., the vigilance level to external sensory stimuli would
be increased with acute pain, but decreased with chronic pain. Therefore, this auditory
response holds promise of being a brain signature to differentiate acute and chronic pain.
Instead of investigating the pain system per se, the study of pain-induced influences on
cortical processing of non-nocicpetive sensory information might represent a potential
strategy to monitor the progress of pain chronification in clinical applications.
Keywords: acute pain, chronic pain, auditory-evoked potentials (AEPs), sensory processing, animal models
INTRODUCTION
Acute pain, which serves as a warning signal of injury or illness, normally comes on quickly
and lasts for a short time (Carr and Goudas, 1999; Apkarian et al., 2009). If not treated
properly, acute pain can develop into chronic pain in which the pain persists even after
the initial injury or illness is healed (Merskey and Bogduk, 1994). When this happens,
considerable changes occur in both the peripheral and central nervous systems (CNS) as
well as in the psychological profiles of individuals (May, 2008). An accurate differentiation
between acute and chronic pain is essential in pain management as it may help optimize
analgesic treatments according to the pain state of patients (Loeser and Melzack, 1999;
Chou and Huffman, 2007a,b). It is, however, very difficult to make such a differentiation
during pain chronification, and a commonly-used operational approach for this purpose is
purely based on the duration of pain (e.g., pain that lasts for more than 3 or 6 months is
defined as chronic pain; Merskey and Bogduk, 1994). This approach can be highly unreliable
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because it ignores the substantial individual differences in
the process of pain chronification (Lavand’homme, 2011).
Nor can questionnaires be relied on to distinguish acute
pain from chronic pain, since patients may sometimes
describe the two pain states with equivalent characteristics
(Hashmi et al., 2013).
Some recent studies have found that information about
the transition from acute pain to chronic pain could be
documented by changes in brain structure and function (May,
2008; Apkarian et al., 2009, 2011), for example, a large-scale
reorganization of brain activities towards emotional circuits
could occur during the chronification of back pain (Hashmi
et al., 2013) and brain structural and functional connectivity
may be able to predict that process (Baliki et al., 2012; Mansour
et al., 2013). Importantly, the modulated brain structure and
function could influence cortical processing of various sensory
information—not only nociceptive information (Apkarian et al.,
2005; Wiech et al., 2008) but also non-nociceptive information
(Gilbert and Sigman, 2007; Fontanini and Katz, 2008). Consistent
with this, besides the large number of studies that focused
on the functionality of the nociceptive system per se in pain
states, there are reports of distorted cortical processing of non-
nociceptive sensory inputs (e.g., auditory and visual stimuli)
in individuals with acute pain (Johnson and Adler, 1993;
Lorenz and Bromm, 1997; Bingel et al., 2007) or chronic pain
(Lorenz et al., 1997; Wang et al., 1999; Blomhoff et al., 2000;
Ambrosini et al., 2003; Carrillo-de-la-Peña et al., 2006; Casale
et al., 2008) in experimental settings. Given that acute pain
and chronic pain may modulate brain activities in different
ways (Apkarian et al., 2009, 2011), we hypothesized that the
pain-related distortions of non-nociceptive sensory processing
could be differently represented when pain shifts from acute
to chronic states. If this hypothesis is valid, it would suggest
that examining the pain-related distortions of non-nociceptive
sensory processing might be a viable strategy for monitoring pain
chronification and thus could be potentially applied in clinical
practice.
Here we tested this hypothesis by investigating the different
influences of acute pain and chronic pain on auditory-evoked
potentials (AEPs) using rat models. An acute inflammatory pain
model was produced by intraplantar injection of formalin, and a
chronic inflammatory pain model was produced by intraplantar
injection of complete Freund’s adjuvant (CFA). In both pain
models, multi-channel AEPs elicited by pure tones in freely-
moving rats were recorded and compared.
MATERIALS AND METHODS
Animals
Sixty-four male Sprague-Dawley rats (weight at arrival:
180–200 g; Laboratory Animal Center, Academy of Military
Medical Sciences, Beijing, China) were used in the experiments.
Animals were housed individually under controlled temperature
(22 ± 2◦C) and humidity (50 ± 10%) conditions with a
reversed 12 h light/dark cycle (light on at 7:00 PM). They
were handled daily for a week before electrode implantation
surgery. All experimental procedures were in accordance with
the National Institutes of Health Guide for the Care and Use of
Laboratory Animals and approved by the ethics committee of
the Institute of Psychology, Chinese Academy of Sciences.
Electrode Implantation
Animals were anesthetized with sodium pentobarbital (50mg/kg,
i.p.) and then secured on a stereotaxic apparatus (Stoelting,
WoodDale, IL, USA). Twelve recording electrodes (stainless steel
screws, 1.0 mm in diameter) were implanted symmetrically on
the rat skull over both hemispheres according to the following
coordinates: (1) electrodes L1 and R1, 5.0 mm anterior to bregma
(5.0 A), ± 1.5 mm lateral to midline (± 1.5 L); (2) electrodes L2
and R2, 3.0 A,± 1.0 L; (3) electrodes L3 and R3,−1.5 A,± 2.5 L;
(4) electrodes L4 and R4, −4.5 A, ± 1.0 L; (5) electrodes L5 and
R5, 0.0 A,± 4.5 L; and (6) electrodes L6 and R6,−4.5 A,± 5.0 L.
A reference and a ground electrode were placed at the midline,
2.0 and 4.0 mm posterior to lambda, respectively. Insulated
wires connected the electrodes to a miniature connector, and
the whole assembly was firmly attached to the skull with
dental cement. After receiving penicillin (160,000 U, i.p.),
animals were allowed at least 1 week to recover from the
surgery.
Auditory Stimuli
Auditory stimuli were generated digitally using custom
MATLAB (Mathworks, Natick, MA, USA) scripts, amplified
by a power amplifier (A-S300, YAMAHA, Hamamatsu, Japan),
and delivered through a loudspeaker (H1189–27TDFC, SEAS,
Oslo, Norway) mounted in the ceiling of an anechoic sound-
attenuated chamber. Recordings were carried out in a Plexiglas
cage (L: 23 cm, W: 22 cm, H: 36 cm) situated in the sound-
attenuated chamber. The loudspeaker was approximately 1 m
from the middle of the test cage. The acoustic system was
calibrated with a condenser microphone (C01U, Samson,
Hauppauge, NY, USA) and a sound level meter (1350A, TES,
Taipei, Taiwan) before the experiments.
AEPs were elicited by pure tones of either 8000 or 8800 Hz
presented at 75 dB SPL with 100 ms duration and 500 ms inter-
stimulus interval (auditory oddball paradigm). In accordance
with previous studies recording auditory responses of the rat
brain (Shinba, 1997; Lazar and Metherate, 2003; Jung et al.,
2013; Witten et al., 2014), auditory stimuli with higher frequency
than those commonly used in human AEP studies (Sambeth
et al., 2003) were used in the present study, since rats exhibit
more robust electrophysiological responses to higher pitch tones
(with a maximum between 8 and 20 KHz) than to lower pitch
tones (Knight et al., 1985). Each recording session contained
eight stimulation blocks presented in random order with an
approximately 1 min break between successive blocks. In four
of these blocks, the lower frequency tone served as the standard
(i.e., frequent stimuli, 85%) and the higher frequency tone as
the deviant (i.e., rare stimuli, 15%). In the other four blocks, the
roles of the lower and higher frequency tones were switched. In
each block, 260 tones were presented in a pseudorandom order
with the constraint that at least two standards were delivered
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before each deviant. The first 10 stimuli in each block were
excluded from off-line analysis in order tominimize the potential
influence of switching between different types of blocks on
the measured auditory responses (Nakamura et al., 2011). Each
block lasted about 2.5 min and an entire session took less than
30 min.
EEG Recording
Rats were individually placed in the test cage 15–20 min
before EEG data collection to familiarize them with the test
environment. For EEG recording, a headstage was attached to the
connector mounted on the rat’s head and connected to an EEG
amplifier (UEA-16BZ, SYMTOP, Beijing, China) via a flexible
multi-strand cable. EEG signals were recorded continuously
from the 12 recording electrodes, sampled at 1000 Hz, and low-
pass filtered at 120 Hz. Rats were allowed to move freely in the
test cage throughout the recording session.
Experimental Procedures
Acute Pain Model
Forty rats were randomly divided into four groups: 1% formalin
(n = 11), 5% formalin (n = 10), normal saline (NS) control
(n = 10), and no-treatment (NT) control (n = 9) group. After the
rats were placed in the test cage for approximately 20 min, they
were injected with 1% formalin, 5% formalin, or NS (50 µL each)
subcutaneously into the plantar surface of their left hindpaw
according to the group they belonged to. Immediately after
injection, the rats were returned to the test cage. Nociceptive
behaviors were video-recorded over the following 60 min and
quantified by measuring the time spent licking the injected
paw within each 5 min period. Rats in the NT group were
treated by the same operations but without any injection. AEPs
were repeatedly recorded 24 h before (baseline), 20–50 min,
90–120 min, and 24 h after injection. One rat in the 5%
formalin group did not show any nociceptive behavior following
injection and thus was excluded from further analyses.
Chronic Pain Model
Twenty-four rats were randomly divided into two groups:
CFA group (n = 12) and NS group (n = 12). The rats
were subcutaneously injected with either 100 µL CFA (Sigma-
Aldrich, St. Louis, MO, USA) or NS into the plantar surface
of their right hindpaw. AEPs were repeatedly recorded 1 day
before (baseline), 1, 3, 7, 14, and 28 days after injection.
Thermal nociceptive thresholds, quantified using the paw
withdrawal latencies (PWLs) to radiant heat, of the injected
and non-injected hindpaws were measured on each test
day (PWL test started at least 2 h after the end of EEG
recording).
The thermal nociceptive threshold test was adapted from
Hargreaves et al. (1988). Rats were placed individually in
Plexiglas chambers on an elevated glass floor and habituated
to the test apparatus for at least 20 min. Focused radiant heat
generated by a 100 W projector lamp was applied through the
glass floor to the plantar surface of the stimulated hindpaw.
PWL was defined as the time from the onset of heat stimulation
to the withdrawal of the hindpaw. A cut-off time of 22 s was
employed to avoid tissue damage. Five trials separated by at least
5 min were conducted on each hindpaw. To ensure that the rats
were familiarized to the stimulation procedure and to increase
the reliability of the measurement, latency of the first trial was
discarded, and latencies of the following four trials were averaged
to give a mean PWL.
Three rats (one in the CFA group, two in the NS group) did
not show any movement of the stimulated hindpaws during the
22 s test period and thus were excluded from further analyses.
EEG Data Analysis
EEG data were preprocessed using EEGLAB (Delorme and
Makeig, 2004), an open source toolbox running in the MATLAB
environment, and custom MATLAB scripts. Continuous
EEG signals were band-pass filtered between 1 and 30 Hz
and segmented into epochs extending from −50 ms to
+350 ms relative to the stimulus onset. EEG segments were
baseline-corrected using the pre-stimulus interval, and trials
contaminated by gross artifacts were manually rejected by
visual inspection. Since we aimed to assess the influence of
pain states (acute or chronic pain) on AEPs, our analysis was
focused on standard-related cortical response due to its higher
signal-to-noise ratio than deviant-related cortical response
(the number of trials of standard was much larger than that
of deviant). For each group, single-trial responses to standard
stimuli were averaged for each rat and session. Single-rat average
waveforms were subsequently averaged to obtain group-level
waveforms for each session. Three distinct components in AEPs
were identified, which consisted of an initial negative deflection
peaking at ∼40 ms after stimulus onset (N40), followed by
a positive deflection peaking at ∼60 ms (P60) and another
negative deflection peaking at ∼100 ms (N100). For each group,
peak latency and baseline-to-peak amplitude of each component
were measured for each rat and session from the electrodes
where the deflection reached its maximum. Grand-average scalp
topographies at their peak latencies were plotted using a rat head
model according to the rat brain atlas of Paxinos and Watson
(2007).
Statistical Analysis
Data are expressed as mean ± standard error (SE). Statistical
analyses were performed with STATISTICA 10 (StatSoft, Tulsa,
OK, USA) andGraphPad Prism 5.0 (GraphPad Software, La Jolla,
CA, USA). Statistical significance was set as p< 0.05.
For acute pain model, the licking time was compared using
a two-way analysis of variance (ANOVA) with group (three
levels: NS, 1% and 5% formalin) as a between-subject factor
and time (12 levels: every 5 min during the first hour following
injection) as a within-subject factor. The cumulative licking time
within the 20–50 min interval after injection was compared
among the three injected groups using a one-way ANOVA.
For each AEP component, peak latencies were compared
using a two-way ANOVA with group (four levels: NT, NS,
1% and 5% formalin) as a between-subject factor and time
(four levels: baseline, 20–50 min, 90–120 min, and 24 h after
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injection) as a within-subject factor. Baseline-to-peak amplitudes
of each AEP component were normalized for each subject by
dividing the value in each session by the value in the baseline
session, and the normalized amplitudes of each AEP component
were compared using a two-way ANOVA with group (four
levels: NT, NS, 1% and 5% formalin) as a between-subject factor
and time (three levels: 20–50 min, 90–120 min, and 24 h after
injection) as a within-subject factor. Note that the baseline data
were not included in this analysis since in the baseline session
the normalized amplitudes, all of which were 1, had no variance.
Fisher’s protected least significant difference test was used for
post hoc comparisons.
For chronic pain model, the paw withdrawal latencies
to radiant heat were compared using a three-way ANOVA
with group (two levels: NS and CFA) as a between-subject
factor, and time (six levels: baseline, 1, 3, 7, 14, and
28 days after injection) and stimulation site (two levels:
left and right hindpaws) as within-subject factors. Fisher’s
protected least significant difference test was used for post
hoc comparisons. For each AEP component, peak latencies
were compared using a two-way ANOVA with group (two
levels: NS and CFA) as a between-subject factor and time
(six levels: baseline, 1, 3, 7, 14, and 28 days after injection)
as a within-subject factor. Consistent with the analysis for
the acute pain model, baseline-to-peak amplitudes of each
AEP component were normalized for each subject, and the
normalized amplitudes of each AEP component were compared
using a two-way ANOVA with group (two levels: NS and CFA)
as a between-subject factor and time (five levels: 1, 3, 7, 14,
and 28 days after injection) as a within-subject factor. Fisher’s
protected least significant difference test was used for post hoc
comparisons.
RESULTS
The Influence of Acute Pain on AEPs
Nociceptive behaviors, quantified by measuring the time spent
licking the injected paw within each 5 min period, are
summarized in Figure 1A (left). Rats injected with 1% or 5%
formalin, but not those injected with NS, exhibited a typical
biphasic pattern of licking behavior (phase I: 0–5 min; phase II:
15–60 min). This observation is consistent with that of previous
reports on the temporal profile of formalin-induced acute pain
(licking behaviors usually subside within 1 h, while some other
spontaneous nociceptive behaviors may last up to approximately
2 h; Dubuisson and Dennis, 1977; Porro and Cavazzuti, 1993),
which justifies the validity of the acute pain model. Two-
way ANOVA revealed that the licking time was significantly
modulated by ‘‘group’’ (F(2,27) = 38.4, p < 0.0001), ‘‘time’’
(F(11,297) = 16.7, p< 0.0001), and their interaction (F(22,297) = 4.8,
p < 0.0001). The cumulative licking time within the 20–50 min
interval after injection was significantly different among the
three injected groups (F(2,27) = 45.3, p < 0.0001, one-way
ANOVA; Figure 1A, right). Post hoc comparisons revealed that
the cumulative licking time was significantly different between
each pair of the injected groups (NS vs. 1% formalin: p < 0.001;
NS vs. 5% formalin: p < 0.001; 1% formalin vs. 5% formalin:
p< 0.01).
The group-level average AEP waveforms were characterized
by three distinct components: N40, P60, and N100. Whereas
the N40 and P60 waves were maximal over the frontal and
bilateral temporal regions respectively, the N100 wave displayed
a negative maximum over the fronto-central area (Figure 2A).
Therefore, in the subsequent analyses, peak latencies and
amplitudes of these waves were measured from the waveforms
averaged across the following electrodes: L1 and R1 for N40; L6
and R6 for P60; L1, R1, L2, and R2 for N100 (Figure 2B).
Peak latencies and amplitudes of N40, P60, and N100 for
different groups and sessions are summarized in Table 1.
Two-way ANOVA revealed that peak latencies of N40 were
not significantly modulated by ‘‘group’’, ‘‘time’’, or their
interaction (detailed statistics are summarized in Table 2).
Peak latencies of P60 and N100 were only significantly
modulated by ‘‘time’’ (P60: F(3,105) = 8.1, p < 0.0001; N100:
F(3,105) = 25.1, p < 0.0001). Normalized N40 amplitudes
were not significantly modulated by ‘‘group’’, ‘‘time’’, or their
interaction. Normalized P60 amplitudes were only significantly
modulated by ‘‘time’’ (F(2,70) = 4.4, p = 0.016). In contrast,
normalized N100 amplitudes were significantly modulated by
‘‘group’’ (F(3,35) = 6.2, p = 0.002) and ‘‘time’’ (F(2,70) = 8.1;
p = 0.0007), but not by their interaction (F(6,70) = 0.5; p = 0.81;
Figure 2C). Post hoc comparisons revealed that normalized
N100 amplitudes in the 1% and 5% formalin groups were
significantly larger than those in the NS and NT groups for
any post-injection session (p < 0.05 for all comparisons except
for the marginal significance (p = 0.06) between 1% formalin
and NS groups during the 20–50 min interval after injection).
Normalized N100 amplitudes were not significantly different
between NS and NT groups, as well as between 1% and 5%
formalin groups for any post-injection session (p > 0.05 for all
comparisons).
These results demonstrated that N100 amplitude of AEPs
was significantly enhanced in rats with acute pain (1% and 5%
formalin groups) compared to control rats (NT and NS groups),
which indicated that acute pain would facilitate the cortical
processing of auditory information in rats. Such facilitation effect
existed not only when formalin-injected rats exhibited robust
nociceptive behaviors but also when the apparent nociceptive
behaviors had subsided, e.g., 24 h after formalin injection.
The Influence of Chronic Pain on AEPs
Nociceptive thresholds, quantified by measuring PWLs to
radiant heat of the injected and non-injected hindpaws, are
summarized in Figure 1B. Rats injected with CFA exhibited
pronounced thermal hyperalgesia that developed within 1 day
and persisted through 14 days following injection. This
observation is similar to that of previous reports on the temporal
profile of thermal hyperalgesia in CFA-induced chronic pain
model (Wang et al., 2009; Li et al., 2012). Three-way ANOVA
revealed that PWLs were significantly modulated by ‘‘group’’
(F(1,19) = 5.8, p = 0.03), ‘‘time’’ (F(5,95) = 7.5, p < 0.0001),
‘‘stimulation site’’ (F(1,19) = 43.8, p < 0.0001), interactions
between two factors (‘‘group’’× ‘‘stimulation site’’: F(1,19) = 41.0,
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FIGURE 1 | Nociceptive behaviors of rats in acute and chronic pain models. (A) Formalin-induced acute pain behaviors. Left: Time spent licking the injected
hindpaws within each 5 min period (from 0 to 60 min following the injection). Rats injected with 1% or 5% formalin showed a typical biphasic pattern of licking
behavior (phase I: 0 to 5 min; phase II: 15 to 60 min), which was not observed in the NS and NT groups. Right: The cumulative licking time within the 20-50 min
interval after injection. During this time interval, rats in the 1% and 5% formalin groups spent significantly longer time to lick their injected paws than rats in the NS
group. Rats in the 5% formalin group also showed significantly longer licking time than rats in the 1% formalin group. NT: no treatment; NS, normal saline.
∗∗p < 0.01; ∗∗∗p < 0.001. NT: n = 9; NS: n = 10; 1% formalin: n = 11; 5% formalin: n = 9. (B) Complete Freund’s adjuvant (CFA)-induced chronic thermal
hyperalgesia. Before injection (Baseline), paw withdrawal latency (PWL) to radiant heat stimuli was not significantly different between the NS and CFA groups, nor
between the left and right hindpaws. From day 1 to day 14 after injection, PWLs of the injected hindpaw were significantly decreased in the CFA group compared to
the NS group. Moreover, in the CFA group, PWLs of the injected hindpaw were significantly decreased compared to those of the non-injected hindpaw. NS, normal
saline; CFA, complete Freund’s adjuvant. For the comparison between CFA and NS groups of the injected hindpaw, ##p < 0.01, ###p < 0.001. For the comparison
between injected and non-injected hindpaws in the CFA group, ∗∗∗p < 0.001. NS: n = 10; CFA: n = 11. Data are expressed as mean ± standard error (SE).
FIGURE 2 | The influence of acute pain on AEPs. (A) Grand-average scalp topographies of N40, P60, and N100 waves. (B) For each group, AEP waveforms
from different sessions are plotted in different colors and superimposed. Displayed waveforms were measured from fronto-central electrodes (L1, R1, L2, and R2;
enclosed by the light gray ellipse in (A), where the N100 wave (marked using gray rectangles) displayed a negative maximum. (C) After injection, the normalized
N100 amplitudes in the 1% and 5% formalin groups were significantly larger than those in the NS and NT groups for any post-injection session. NT: no treatment;
NS, normal saline. ∗p < 0.05, compared to the NS group. NT: n = 9; NS: n = 10; 1% formalin: n = 11; 5% formalin: n = 9. Data are expressed as mean ± SE.
p < 0.0001 ; ‘‘time’’ × ‘‘stimulation site’’: F(5,95) = 9.5,
p< 0.0001; ‘‘group’’× ‘‘time’’: marginal significance, F(5,95) = 2.2,
p = 0.06), and the interaction between three factors (F(5,95) = 7.6,
p < 0.0001). Post hoc comparisons revealed that PWLs of the
injected hindpaw were significantly shorter in the CFA group
than in the NS group (p < 0.01 for all comparisons 1, 3, 7, and
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TABLE 1 | Latency and amplitude of AEP components for different groups and sessions (acute pain model).
Latency (ms) Amplitude (µV)
N40 P60 N100 N40 P60 N100
NT group (n = 9)
Baseline 38.3 ± 0.9 61.9 ± 0.6 112.0 ± 3.5 −8.1 ± 1.4 17.7 ± 2.9 −26.3 ± 4.8
20–50 min 38.2 ± 0.7 61.2 ± 0.6 101.9 ± 2.2 −6.3 ± 0.9 12.5 ± 1.6 −16.7 ± 3.8
90–120 min 38.8 ± 0.6 61.6 ± 0.5 102.3 ± 2.9 −6.5 ± 0.9 13.5 ± 1.2 −13.3 ± 2.7
24 h 38.6 ± 1.0 61.0 ± 0.6 99.3 ± 2.5 −7.0 ± 0.8 12.7 ± 1.9 −14.3 ± 3.3
NS group (n = 10)
Baseline 39.4 ± 0.4 60.6 ± 0.5 105.1 ± 2.6 −7.5 ± 0.6 12.4 ± 1.1 −29.1 ± 5.3
20–50 min 39.6 ± 0.4 60.5 ± 0.6 98.5 ± 1.8 −7.1 ± 0.9 12.3 ± 1.5 −22.9 ± 4.3
90–120 min 39.5 ± 0.3 60.4 ± 0.7 97.4 ± 2.1 −7.8 ± 0.7 12.1 ± 1.5 −20.3 ± 5.4
24 h 39.2 ± 0.3 60.6 ± 0.7 96.1 ± 1.8 −7.1 ± 0.7 11.5 ± 1.1 −20.4 ± 5.6
1% Formalin group (n = 11)
Baseline 38.7 ± 0.4 60.9 ± 0.7 102.2 ± 3.1 −6.9 ± 0.7 21.1 ± 2.9 −29.8 ± 5.4
20–50 min 38.5 ± 0.7 59.4 ± 0.7 97.7 ± 1.9 −6.3 ± 0.8 14.9 ± 2.0 −27.2 ± 4.0
90–120 min 38.4 ± 0.4 60.4 ± 0.5 95.1 ± 1.3 −7.1 ± 0.8 20.0 ± 2.8 −26.5 ± 4.9
24 h 38.6 ± 0.5 60.5 ± 0.7 91.7 ± 1.0 −6.8 ± 0.9 17.0 ± 2.4 −24.1 ± 4.7
5% Formalin group (n = 9)
Baseline 38.3 ± 0.6 60.6 ± 0.5 103.2 ± 4.3 −7.6 ± 1.0 15.0 ± 1.8 −25.8 ± 5.1
20–50 min 37.8 ± 0.7 58.9 ± 0.5 98.0 ± 1.9 −5.8 ± 0.7 11.9 ± 1.1 −25.4 ± 3.7
90–120 min 38.2 ± 0.7 60.1 ± 0.3 95.6 ± 1.7 −5.2 ± 1.3 15.1 ± 2.2 −22.6 ± 4.9
24 h 38.3 ± 0.7 60.2 ± 0.6 97.3 ± 3.9 −6.9 ± 1.0 15.0 ± 1.9 −24.1 ± 6.0
Data are expressed as mean ± SE. NT, no treatment; NS, normal saline.
14 days after injection). In the CFA group, PWLs of the injected
hindpawwere significantly shorter than those of the non-injected
hindpaw (p < 0.001 for all comparisons 1, 3, 7, and 14 days after
injection).
The group-level average AEPs of the chronic pain rats
consisted of three distinct components (N40, P60, and
N100), whose polarity and order were markedly similar to
AEPs of the acute pain rats (Figures 3A,B). A comparison
between Figures 2A, 3A revealed high consistency in scalp
topographies of the AEPs between the acute and chronic
pain conditions, indicating that changes in pain state may
not alter the spatial features of the auditory evoked cortical
responses.
Peak latencies and amplitudes of N40, P60, and N100 for
different groups and sessions are summarized in Table 3. Two-
way ANOVA revealed that peak latencies of N40 and N100
were only significantly modulated by ‘‘time’’ (N40: F(5,95) = 3.1,
p = 0.01; N100: F(5,95) = 26.2, p< 0.0001; Table 4). Peak latencies
of P60 were not significantly modulated by ‘‘group’’, ‘‘time’’, or
their interaction (Table 4). Normalized N40 and P60 amplitudes
were not significantly modulated by ‘‘group’’, ‘‘time’’, or their
interaction. In contrast, normalized N100 amplitudes were
significantly modulated by ‘‘group’’ (F(1,19) = 5.0, p = 0.038) and
‘‘time’’ (F(4,76) = 15.4; p < 0.0001), but not by their interaction
(F(4,76) = 0.2; p = 0.95; Figure 3C). Post hoc comparisons
revealed that normalized N100 amplitudes in the CFA group
were significantly reduced compared to those in the NS group
for any post-injection session (p< 0.05 for all comparisons).
These results showed that N100 amplitude of AEPs was
significantly reduced in rats with chronic pain (CFA group)
compared to control rats (NS group), which indicated that
chronic pain would inhibit the cortical processing of auditory
information in rats. This inhibitory effect persisted throughout
the observation period of 28 days.
DISCUSSION
We observed opposite influences of acute and chronic pain
on cortical responses to auditory inputs using rat models.
On one hand, N100 wave of rat AEPs was significantly
enhanced in rats with acute pain compared to no-pain controls,
suggesting that acute pain facilitated cortical processing of
TABLE 2 | Two-way ANOVA exploring the effect of “group” and “time” on latency and amplitude of AEP components (acute pain model).
Latency Normalized amplitude
N40 P60 N100 N40 P60 N100
F p F p F p F p F p F p
Group 1.0 0.43 1.3 0.30 2.2 0.10 0.8 0.49 2.1 0.12 6.2 0.002
Time 0.5 0.70 8.1 <0.0001 25.1 <0.0001 0.5 0.61 4.4 0.02 8.1 0.0007
Interaction 0.7 0.71 1.8 0.08 0.8 0.60 1.0 0.41 2.0 0.08 0.5 0.81
p values in boldface indicate statistically significant results.
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FIGURE 3 | The influence of chronic pain on AEPs. (A) Grand-average scalp topographies of N40, P60, and N100 waves. (B) For each group, AEP waveforms
from different sessions are plotted in different colors and superimposed. Displayed waveforms were measured from fronto-central electrodes (L1, R1, L2, and R2;
enclosed by the light gray ellipse in (A), where the N100 wave (marked using gray rectangles) displayed a negative maximum. (C) After injection, the normalized
N100 amplitudes in the CFA group were significantly smaller than those in the NS group for any post-injection session. NS, normal saline; CFA, complete Freund’s
adjuvant. ∗p < 0.05, compared to the NS group. NS: n = 10; CFA: n = 11. Data are expressed as mean ± SE.
auditory information. On the other hand, N100 wave of rat
AEPs was significantly reduced in rats with chronic pain
compared to no-pain controls, suggesting that chronic pain
inhibited cortical processing of auditory information. Our
observations could not be explained by the direct interaction
between nociceptive and non-nociceptive sensory inputs, since
such interaction could not yield the opposite effects of acute
and chronic pain. Instead, our observations could be justified
by the fact that individuals who are suffering from acute
or chronic pain would have different vigilance states, i.e.,
the level of vigilance to external sensory stimuli would be
increased with acute pain, but decreased with chronic pain.
Since the neural processing of auditory information was biased
by acute and chronic pain in opposite directions, AEPs might
be used as a representative brain response to distinguish acute
pain from chronic pain and to monitor the progress of pain
chronification.
Acute Pain Facilitates Cortical Processing
of Auditory Information
Pain, in its acute state, serves as a warning signal of tissue damage
and induces protective responses that facilitate recuperation
(Woolf, 1995; Millan, 1999; Milligan and Watkins, 2009). The
presence of acute pain can result in a remarkably heightened
level of general arousal and vigilance of the suffered individual
(Millan, 1999; Price, 2000), which could be reflected by the
increased attention to potential threats or dangers in the
environment (Oken et al., 2006). Note that the increased
TABLE 3 | Latency and amplitude of AEP components for different groups and sessions (chronic pain model).
Latency (ms) Amplitude (µV)
N40 P60 N100 N40 P60 N100
NS group (n = 10)
Baseline 39.0 ± 0.3 59.8 ± 0.5 105.9 ± 3.0 −7.9 ± 0.6 13.6 ± 1.5 −26.7 ± 4.2
Day 1 39.2 ± 0.3 59.9 ± 0.5 100.6 ± 2.8 −7.8 ± 0.5 12.7 ± 1.0 −25.8 ± 3.7
Day 3 39.5 ± 0.5 60.4 ± 0.5 96.7 ± 1.5 −7.3 ± 0.7 14.7 ± 1.2 −24.3 ± 3.6
Day 7 39.0 ± 0.3 59.3 ± 0.4 95.1 ± 1.7 −7.6 ± 0.6 14.2 ± 1.5 −24.2 ± 3.0
Day 14 38.2 ± 0.5 59.5 ± 0.4 92.2 ± 1.1 −7.5 ± 0.6 14.3 ± 1.8 −27.5 ± 2.9
Day 28 38.8 ± 0.4 60.0 ± 0.3 93.9 ± 1.4 −7.8 ± 0.6 16.7 ± 1.9 −34.6 ± 4.6
CFA group (n = 11)
Baseline 39.0 ± 0.5 60.0 ± 0.6 109.7 ± 4.3 −7.8 ± 0.7 9.7 ± 1.6 −22.0 ± 2.5
Day 1 38.9 ± 0.4 59.7 ± 0.6 99.3 ± 2.4 −6.1 ± 0.9 11.1 ± 1.4 −16.0 ± 2.6
Day 3 39.1 ± 0.5 60.5 ± 0.6 94.5 ± 1.9 −6.0 ± 0.8 11.2 ± 1.4 −16.3 ± 2.7
Day 7 38.6 ± 0.4 60.7 ± 0.4 95.5 ± 1.8 −6.3 ± 0.9 12.7 ± 2.2 −16.6 ± 2.3
Day 14 38.4 ± 0.5 60.7 ± 0.6 94.4 ± 1.4 −6.1 ± 0.4 12.3 ± 1.6 −20.5 ± 2.7
Day 28 38.9 ± 0.5 60.4 ± 0.6 93.0 ± 1.6 −6.2 ± 0.7 12.2 ± 1.8 −25.4 ± 4.3
Data are expressed as mean ± SE. NS, normal saline; CFA, complete Freund’s adjuvant.
Frontiers in Computational Neuroscience | www.frontiersin.org 7 April 2016 | Volume 10 | Article 41
Guo et al . A Brain Signature to Differentiate Pain States
TABLE 4 | Two-way ANOVA exploring the effect of “group” and “time” on latency and amplitude of AEP components (chronic pain model).
Latency Normalized amplitude
N40 P60 N100 N40 P60 N100
F p F p F p F p F p F p
Group 0.07 0.80 0.9 0.38 0.02 0.90 3.5 0.08 1.4 0.26 5.0 0.038
Time 3.1 0.01 1.1 0.39 26.20 <0.0001 0.5 0.75 1.3 0.29 15.40 <0.0001
Interaction 0.4 0.83 2.0 0.09 1.1 0.36 0.2 0.96 0.6 0.65 0.2 0.95
p values in boldface indicate statistically significant results.
attention to external changes would be important as it allows
the suffered individual to respond properly in life-threatening
situations.
Here, we observed a significant enhancement of cortical
response to auditory stimuli in rats experiencing acute pain
compared to no-pain controls (Figure 2C), which indicated that
acute pain could facilitate brain responses to external sensory
inputs likely through triggering a surge in vigilance. Consistently,
as demonstrated in some human brain imaging studies (Peyron
et al., 1999, 2000), activations of bilateral thalamus and upper
brainstem in response to acute pain were assumed to partly
reflect a generalized arousal enhancement. In addition, neural
processing of sensory inputs is highly susceptible to fluctuations
in vigilance/arousal (Mackworth, 1968; Davis and Whalen, 2001;
Oken et al., 2006), demonstrating an enhanced processing at
an increased vigilance level (van Marle et al., 2009; Shackman
et al., 2011). All these lines of evidence justify the significant
influence of acute pain on brain state (i.e., increased vigilance
level/attending to external changes), which would subsequently
enhance the cortical processing of non-nociceptive sensory
information.
Even though we have provided evidence showing that
acute pain could influence the brain state (i.e., the vigilance
level) significantly, we believe that their relationship is not
straightforward. First, we showed that the facilitatory effect
of acute pain could be sustained even when the prominent
nociceptive behaviors had subsided. This observation would
indicate the dissociation between acute pain and brain state
(represented by the facilitatory effect) in the perspective of
duration. Second, although the 5% formalin group showed
clearly more intense nociceptive behaviors (Figure 1A), the
normalized N100 amplitudes of AEPs were not significantly
different between rats injected with 1% formalin and those
injected with 5% formalin (Figure 2C). This observation would
demonstrate the dissociation between acute pain and brain state
in the perspective of intensity. Indeed, the detailed relationship
between acute pain and brain state (or the facilitatory effect)
should be investigated in the future.
Chronic Pain Inhibits Cortical Processing
of Auditory Information
It is well documented that sleep disturbance and fatigue,
consequent to the suffering of chronic pain, are of the most
common complaints among chronic pain patients (Ashburn
and Staats, 1999; Hart et al., 2000; Smith and Haythornthwaite,
2004). As demonstrated by electrophysiological activities and/or
vigilance-related cognitive performance (Belyavin and Wright,
1987; Cajochen et al., 1995, 1999; Cote et al., 2003; Ziino and
Ponsford, 2006; Lim and Dinges, 2008), both factors would
considerably reduce one’s level of vigilance. Following, the
attenuated level of vigilance (modulated brain state) could
affect the brain responses to sensory inputs (Fruhstor and
Bergström, 1969; Corsi-Cabrera et al., 1999; Cote et al., 2003).
Moreover, in contrast to acute pain that would increase the
individuals’ attention to potential threats or dangers in the
environment, chronic pain would lead to excessive attention
to the internal changes (e.g., hypervigilance to pain and other
somatic signals (Eccleston and Crombez, 1999, 2007; Crombez
et al., 2005)) in patients. The focus on internal changes in
chronic pain state would also result in a decreased level of
vigilance to the external environment, and thus lead to a
detrimental effect on the processing of pain-irrelevant, external
signals.
Here, we observed significant attenuation of cortical response
to auditory stimuli in rats with chronic pain compared to no-pain
controls (Figure 3C). Note that our observation is consistent
with some previous reports of sensory impairments in chronic
pain patients (Evers et al., 1997; Lorenz et al., 1997; Buodo
et al., 2004; Firat et al., 2006; Veldhuijzen et al., 2006; Casale
et al., 2008; Korostenskaja et al., 2011). In addition, relevant
phenomena have been found in rat models of chronic pain with
either inflammatory (Millecamps et al., 2004) or neuropathic
(Low et al., 2012) origin, which showed that rats in chronic pain
state exhibited decreased ability to perceive small changes in the
environment. All these evidences demonstrated that chronic pain
could greatly influence the brain state (i.e., decreased vigilance
level to external changes), which subsequently attenuated the
cortical processing of non-nociceptive sensory information.
Similar to the relationship between acute pain and brain state,
the relationship between chronic pain and brain state is also
not straightforward. Although we did not assess the influence
of chronic pain on brain state in the perspective of intensity in
the present study, we showed that the inhibitory effect of chronic
pain on auditory processing still existed on day 28 (Figure 3C)
when the thermal hyperalgesia was abolished (Figure 1B). This
observation would suggest the dissociation between chronic
pain and brain state (represented by the inhibitory effect) in
the perspective of duration. Note that this dissociation would
be crucial as it implied that the treatment of chronic pain
should not only aim to relieve patients from pain, but also be
designed to eliminate possible co-morbidities of chronic pain
(e.g., alterations in brain state), especially considering that some
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of the co-morbidities could persist even when the chronic pain
has been released (Chapman and Dunbar, 1998).
Although we found that the inhibitory effect of chronic pain
could be reliably observed throughout our observation period of
28 days, we have also noticed an increase in N100 amplitude
on day 14 and day 28 compared to those in the previous
sessions in both the pain and no-pain groups (Figure 3C). We
conjecture that the pronounced restoration or enhancement of
N100 amplitude in the last two sessions was due most likely to
the prolonged inter-session intervals (1 or 2 weeks) from day 7 to
day 28 in contrast to the 2- or 4-day intervals for the previous
sessions, which is consistent with the dishabituation effect on
event-related potentials after longer intervals during repeated
tests as reported previously (Kinoshita et al., 1996).
Transition of Brain States During Pain
Chronification
The transition from acute pain to chronic pain has been proven
to involve large-scale reorganizations of brain functions (Baliki
et al., 2006; Geha et al., 2007; Malinen et al., 2010; Farmer et al.,
2011; Parks et al., 2011; Weissman-Fogel et al., 2011). In general,
whereas acute pain largely activates brain regions involved
in nociceptive information processing (Apkarian et al., 2005),
chronic pain is consistently and substantially encoded by brain
regions related to emotional and motivational states of patients
(Apkarian et al., 2011). A recent longitudinal study illuminated
how such a change in brain activation pattern emerged during
pain chronification in a group of patients with subacute back pain
(Hashmi et al., 2013). It showed that the brain representation for
the perception of back pain underwent large-scale reorganization
from nociceptive processing regions (including insula, thalamus
and anterior cingulate cortex) to emotional relevant circuits
(including medial prefrontal cortex and amygdala) as the pain
transitioned from subacute state into persistence over a 1-year
period (Hashmi et al., 2013). This finding was confirmed by the
results of an inter-subject comparison between acute/subacute
and chronic back pain patients (Hashmi et al., 2013), as well
as the results obtained from other cross-sectional analyses
(Apkarian et al., 2005; Baliki et al., 2006, 2010).
Apkarian et al. (2005) pointed out that the increased
engagement of cognitive/emotional circuits in chronic pain
conditions indicated that chronic pain is different from acute
pain in terms of the cognitive, emotional, and introspective
components of pain. They expounded this notion in later
works, suggesting that a transition in the salience of pain—from
viewing a pain perception as an index of external threat to a
representation of an internal disease state—is involved in the
transition from acute to chronic pain (Apkarian et al., 2009),
and may be sufficient to drive the shift in brain representations
of pain perception from acute to chronic conditions (Hashmi
et al., 2013). Therefore, acute and chronic pain should not be
simply described by different duration of pain, but actually
represent two distinct states of the system. Our observation
that acute pain enhanced the neural processing of auditory
information while chronic pain suppressed it would represent
such transition of brain states. For this reason, the AEPs, as a
representative brain response to monitor the efficiency of the
system to process external sensory inputs, may be potentially
used to differentiate the brain states related to acute and chronic
pain.
Limitations and Future Directions
We investigated the influences of acute and chronic pain on
neural responses to auditory inputs using rat models. Indeed,
these influences were observed at limited time points, which
hampered us to continually monitor the progress of pain
chronification. A longitudinal study that encompasses acute
and chronic pain stages, as well as the critical period within
which the acute-chronic transition occurs, would be necessary
in the future to provide a fine-grained temporal profile of
how the brain response changes during pain chronification. In
addition, the sensitivity and specificity of using non-nociceptive
brain response, e.g., AEPs, to discriminate between acute
and chronic pain states should be characterized before using
this response to monitor the progress of pain chronification.
Importantly, even though animal models have been used to
improve our understanding of pain mechanisms, we are aware
that the information obtained from animal models cannot
be directly applied to humans, and our findings should be
replicated in human pain conditions for potential use in the
clinic.
AUTHOR CONTRIBUTIONS
YG, YW, YS, and J-YW designed the research; YG, YW, and YS
performed the research; YG, YW, and J-YW analyzed the data;
and YG and JW wrote the article.
FUNDING
J-YW is supported by the National Natural Science Foundation
of China (NSFC: 31271092) and the Youth Innovation
Promotion Association of the Chinese Academy of Sciences.
ACKNOWLEDGMENTS
The authors thank Xiaoxiao Lin and Zekun Sun for their
assistance on data analysis.
REFERENCES
Ambrosini, A., Rossi, P., De Pasqua, V., Pierelli, F., and Schoenen, J. (2003). Lack
of habituation causes high intensity dependence of auditory evoked cortical
potentials in migraine. Brain 126, 2009–2015. doi: 10.1093/brain/awg206
Apkarian, A. V., Baliki, M. N., and Geha, P. Y. (2009). Towards a theory of chronic
pain. Prog. Neurobiol. 87, 81–97. doi: 10.1016/j.pneurobio.2008.09.018
Apkarian, A. V., Bushnell, M. C., Treede, R. D., and Zubieta, J. K. (2005). Human
brain mechanisms of pain perception and regulation in health and disease. Eur.
J. Pain 9, 463–484. doi: 10.1016/j.ejpain.2004.11.001
Frontiers in Computational Neuroscience | www.frontiersin.org 9 April 2016 | Volume 10 | Article 41
Guo et al . A Brain Signature to Differentiate Pain States
Apkarian, A. V., Hashmi, J. A., and Baliki, M. N. (2011). Pain and the brain:
specificity and plasticity of the brain in clinical chronic pain. Pain 152, S49–S64.
doi: 10.1016/j.pain.2010.11.010
Ashburn, M. A., and Staats, P. S. (1999). Management of chronic pain. Lancet 353,
1865–1869. doi: 10.1016/S0140-6736(99)04088-X
Baliki, M. N., Chialvo, D. R., Geha, P. Y., Levy, R. M., Harden, R. N., Parrish, T. B.,
et al. (2006). Chronic pain and the emotional brain: specific brain activity
associated with spontaneous fluctuations of intensity of chronic back pain.
J. Neurosci. 26, 12165–12173. doi: 10.1523/jneurosci.3576-06.2006
Baliki, M. N., Geha, P. Y., Fields, H. L., and Apkarian, A. V. (2010). Predicting
value of pain and analgesia: nucleus accumbens response to noxious stimuli
changes in the presence of chronic pain. Neuron 66, 149–160. doi: 10.1016/j.
neuron.2010.03.002
Baliki, M. N., Petre, B., Torbey, S., Herrmann, K. M., Huang, L. J.,
Schnitzer, T. J., et al. (2012). Corticostriatal functional connectivity predicts
transition to chronic back pain. Nat. Neurosci. 15, 1117–1119. doi: 10.1038/
nn.3153
Belyavin, A., and Wright, N. A. (1987). Changes in electrical-activity of the brain
with vigilance. Electroencephalogr. Clin. Neurophysiol. 66, 137–144. doi: 10.
1016/0013-4694(87)90183-0
Bingel, U., Rose, M., Gläscher, J., and Büchel, C. (2007). fMRI reveals how pain
modulates visual object processing in the ventral visual stream. Neuron 55,
157–167. doi: 10.1016/j.neuron.2007.05.032
Blomhoff, S., Jacobsen, M. B., Spetalen, S., Dahm, A., and Malt, U. F.
(2000). Perceptual hyperreactivity to auditory stimuli in patients with
irritable bowel syndrome. Scand. J. Gastroenterol. 35, 583–589. doi: 10.
1080/003655200750023534
Buodo, G., Palomba, D., Sarlo, M., Naccarella, C., and Battistella, P. A. (2004).
Auditory event-related potentials and reaction times in migraine children.
Cephalalgia 24, 554–563. doi: 10.1111/j.1468-2982.2003.00716.x
Cajochen, C., Brunner, D. P., Krauchi, K., Graw, P., and Wirz-Justice, A. (1995).
Power density in theta/alpha frequencies of the waking EEG progressively
increases during sustained wakefulness. Sleep 18, 890–894.
Cajochen, C., Khalsa, S. B., Wyatt, J. K., Czeisler, C. A., and Dijk, D. J. (1999). EEG
and ocular correlates of circadian melatonin phase and human performance
decrements during sleep loss. Am. J. Physiol. 277, R640–R649.
Carr, D. B., and Goudas, L. C. (1999). Acute pain. Lancet 353, 2051–2058. doi: 10.
1016/S0140-6736(99)03313-9
Carrillo-de-la-Peña, M. T., Vallet, M., Pérez, M. I., and Gómez-Perretta, C. (2006).
Intensity dependence of auditory-evoked cortical potentials in fibromyalgia
patients: a test of the generalized hypervigilance hypothesis. J. Pain 7, 480–487.
doi: 10.1016/j.jpain.2006.01.452
Casale, M. S., Baratto, M., Cervera, C., Gallamini, M., Lynch, G., Gjini, K.,
et al. (2008). Auditory evoked potential abnormalities in cluster headache.
Neuroreport 19, 1633–1636. doi: 10.1097/WNR.0b013e328314e0dd
Chapman, C. R., and Dunbar, P. J. (1998). Measurement in pain therapy: is
pain relief really the endpoint? Curr. Opin. Anaesthesiol. 11, 533–537. doi: 10.
1097/00001503-199810000-00015
Chou, R., Huffman, L. H., American Pain Society, and American College of
Physicians. (2007a). Medications for acute and chronic low back pain: a review
of the evidence for an american pain society/american college of physicians
clinical practice guideline. Ann. Intern. Med. 147, 505–514. doi: 10.7326/0003-
4819-147-7-200710020-00008
Chou, R., Huffman, L. H., American Pain Society, and American College of
Physicians. (2007b). Nonpharmacologic therapies for acute and chronic low
back pain: A review of the evidence for an American pain Society/American
college of physicians clinical practice guideline. Ann. Intern. Med. 147,
492–504. doi: 10.7326/0003-4819-147-7-200710020-00007
Corsi-Cabrera, M., Arce, C., Del Río-Portilla, I. Y., Pérez-Garci, E., and
Guevara, M. A. (1999). Amplitude reduction in visual event-related potentials
as a function of sleep deprivation. Sleep 22, 181–189.
Cote, K. A., Milner, C. E., Osip, S. L., Ray, L. B., and Baxter, K. D.
(2003). Waking quantitative electroencephalogram and auditory event-related
potentials following experimentally induced sleep fragmentation. Sleep 26,
687–694.
Crombez, G., Van Damme, S., and Eccleston, C. (2005). Hypervigilance to pain:
an experimental and clinical analysis. Pain 116, 4–7. doi: 10.1016/j.pain.2005.
03.035
Davis, M., and Whalen, P. J. (2001). The amygdala: vigilance and emotion. Mol.
Psychiatry 6, 13–34. doi: 10.1038/sj.mp.4000812
Delorme, A., and Makeig, S. (2004). EEGLAB: an open source toolbox for analysis
of single-trial EEG dynamics including independent component analysis.
J. Neurosci. Methods 134, 9–21. doi: 10.1016/j.jneumeth.2003.10.009
Dubuisson, D., and Dennis, S. G. (1977). The formalin test: a quantitative study
of the analgesic effects of morphine, meperidine and brain stem stimulation in
rats and cats. Pain 4, 161–174. doi: 10.1016/0304-3959(77)90130-0
Eccleston, C., and Crombez, G. (1999). Pain demands attention: a cognitive-
affective model of the interruptive function of pain. Psychol. Bull. 125, 356–366.
doi: 10.1037/0033-2909.125.3.356
Eccleston, C., and Crombez, G. (2007). Worry and chronic pain: a misdirected
problem solving model. Pain 132, 233–236. doi: 10.1016/j.pain.2007.
09.014
Evers, S., Bauer, B., Suhr, B., Husstedt, I. W., and Grotemeyer, K. H. (1997).
Cognitive processing in primary headache: a study on event-related potentials.
Neurology 48, 108–113. doi: 10.1212/wnl.48.1.108
Farmer, M. A., Chanda, M. L., Parks, E. L., Baliki, M. N., Apkarian, A. V., and
Schaeffer, A. J. (2011). Brain functional and anatomical changes in chronic
prostatitis/chronic pelvic pain syndrome. J. Urol. 186, 117–124. doi: 10.1016/j.
juro.2011.03.027
Firat, Y., Ozturan, O., Bicak, U., Yakinci, C., and Akarcay, M. (2006). Auditory
brainstem response in pediatric migraine: during the attack and asymptomatic
period. Int. J. Pediatr. Otorhinolaryngol. 70, 1431–1438. doi: 10.1016/j.ijporl.
2006.02.013
Fontanini, A., and Katz, D. B. (2008). Behavioral states, network states and sensory
response variability. J. Neurophysiol. 100, 1160–1168. doi: 10.1152/jn.90592.
2008
Fruhstor, H., and Bergström, R. M. (1969). Human vigilance and auditory
evoked responses. Electroencephalogr. Clin. Neurophysiol. 27, 346–355. doi: 10.
1016/0013-4694(69)91443-6
Geha, P. Y., Baliki, M. N., Chiaivo, D. R., Harden, R. N., Paice, J. A., and
Apkarian, A. V. (2007). Brain activity for spontaneous pain of postherpetic
neuralgia and its modulation by lidocaine patch therapy. Pain 128, 88–100.
doi: 10.1016/j.pain.2006.09.014
Gilbert, C. D., and Sigman, M. (2007). Brain states: top-down influences in sensory
processing. Neuron 54, 677–696. doi: 10.1016/j.neuron.2007.05.019
Hargreaves, K., Dubner, R., Brown, F., Flores, C., and Joris, J. (1988). A new and
sensitive method for measuring thermal nociception in cutaneous hyperalgesia.
Pain 32, 77–88. doi: 10.1016/0304-3959(88)90026-7
Hart, R. P., Martelli, M. F., and Zasler, N. D. (2000). Chronic pain and
neuropsychological functioning. Neuropsychol. Rev. 10, 131–149. doi: 10.
1023/A:1009020914358
Hashmi, J. A., Baliki, M. N., Huang, L. J., Baria, A. T., Torbey, S., Hermann, K. M.,
et al. (2013). Shape shifting pain: chronification of back pain shifts brain
representation from nociceptive to emotional circuits. Brain 136, 2751–2768.
doi: 10.1093/brain/awt211
Johnson, M. R., and Adler, L. E. (1993). Transient impairment in P50 auditory
sensory gating induced by a cold-pressor test. Biol. Psychiatry 33, 380–387.
doi: 10.1016/0006-3223(93)90328-b
Jung, F., Stephan, K. E., Backes, H., Moran, R., Gramer, M., Kumagai, T.,
et al. (2013). Mismatch responses in the awake rat: evidence from epidural
recordings of auditory cortical fields. PLoS One 8:e63203. doi: 10.1371/journal.
pone.0063203
Kinoshita, S., Inoue, M., Maeda, H., Nakamura, J., and Morita, K. (1996). Long-
term patterns of change in ERPs across repeated measurements. Physiol. Behav.
60, 1087–1092. doi: 10.1016/0031-9384(96)00130-8
Knight, R. T., Brailowsky, S., Scabini, D., and Simpson, G. V. (1985). Surface
auditory evoked potentials in the unrestrained rat: component definition.
Electroencephalogr. Clin. Neurophysiol. 61, 430–439. doi: 10.1016/0013-
4694(85)91035-1
Korostenskaja, M., Pardos, M., Kujala, T., Rose, D. F., Brown, D., Horn, P.,
et al. (2011). Impaired auditory information processing during acute migraine:
a magnetoencephalography study. Int. J. Neurosci. 121, 355–365. doi: 10.
3109/00207454.2011.560312
Lavand’homme, P. (2011). The progression from acute to chronic pain.
Curr. Opin. Anaesthesiol. 24, 545–550. doi: 10.1097/ACO.0b013e3283
4a4f74
Frontiers in Computational Neuroscience | www.frontiersin.org 10 April 2016 | Volume 10 | Article 41
Guo et al . A Brain Signature to Differentiate Pain States
Lazar, R., and Metherate, R. (2003). Spectral interactions, but no mismatch
negativity, in auditory cortex of anesthetized rat.Hear. Res. 181, 51–56. doi: 10.
1016/s0378-5955(03)00166-7
Li, S. G., Wang, J. Y., and Luo, F. (2012). Adult-age inflammatory pain experience
enhances long-term pain vigilance in rats. Plos One 7:e36767. doi: 10.
1371/journal.pone.0036767
Lim, J., and Dinges, D. F. (2008). Sleep deprivation and vigilant attention. Ann.
N Y Acad. Sci. 1129, 305–322. doi: 10.1196/annals.1417.002
Loeser, J. D., and Melzack, R. (1999). Pain: an overview. Lancet 353, 1607–1609.
doi: 10.1016/S0140-6736(99)01311-2
Lorenz, J., and Bromm, B. (1997). Event-related potential correlates of interference
between cognitive performance and tonic experimental pain. Psychophysiology
34, 436–445. doi: 10.1111/j.1469-8986.1997.tb02387.x
Lorenz, J., Beck, H., and Bromm, B. (1997). Cognitive performance, mood and
experimental pain before and during morphine-induced analgesia in patients
with chronic non-malignant pain. Pain 73, 369–375. doi: 10.1016/s0304-
3959(97)00123-1
Low, L. A., Millecamps, M., Seminowicz, D. A., Naso, L., Thompson, S. J.,
Stone, L. S., et al. (2012). Nerve injury causes long-term attentional deficits in
rats. Neurosci. Lett. 529, 103–107. doi: 10.1016/j.neulet.2012.09.027
Mackworth, J. F. (1968). Vigilance, arousal and habituation. Psychol. Rev. 75,
308–322. doi: 10.1037/h0025896
Malinen, S., Vartiainena, N., Hlushchuk, Y., Koskinen, M., Ramkumar, P.,
Forss, N., et al. (2010). Aberrant temporal and spatial brain activity during
rest in patients with chronic pain. Proc. Natl. Acad. Sci. U S A 107, 6493–6497.
doi: 10.1073/pnas.1001504107
Mansour, A. R., Baliki, M. N., Huang, L. J., Torbey, S., Herrmann, K. M.,
Schnitzer, T. J., et al. (2013). Brain white matter structural properties predict
transition to chronic pain. Pain 154, 2160–2168. doi: 10.1016/j.pain.2013.
06.044
May, A. (2008). Chronic pain may change the structure of the brain. Pain 137,
7–15. doi: 10.1016/j.pain.2008.02.034
Merskey, H., and Bogduk, N. (Ed.) (1994). Classification of Chronic Pain:
Descriptions of Chronic Pain Syndromes and Definitions of Pain Terms. 2nd
Edn. Seattle: IASP Press.
Millan, M. J. (1999). The induction of pain: an integrative review. Prog. Neurobiol.
57, 1–164. doi: 10.1016/s0301-0082(98)00048-3
Millecamps, M., Etienne, M., Jourdan, D., Eschalier, A., and Ardid, D. (2004).
Decrease in non-selective, non-sustained attention induced by a chronic
visceral inflammatory state as a new pain evaluation in rats. Pain 109, 214–224.
doi: 10.1016/j.pain.2003.12.028
Milligan, E. D., and Watkins, L. R. (2009). Pathological and protective roles of glia
in chronic pain. Nat. Rev. Neurosci. 10, 23–36. doi: 10.1038/nrn2533
Nakamura, T., Michie, P. T., Fulham, W. R., Todd, J., Budd, T. W., Schell, U.,
et al. (2011). Epidural auditory event-related potentials in the rat to frequency
and duration deviants: evidence of mismatch negativity? Front. Psychol. 2:367.
doi: 10.3389/fpsyg.2011.00367
Oken, B. S., Salinsky, M. C., and Elsas, S. M. (2006). Vigilance, alertness, or
sustained attention: physiological basis and measurement. Clin. Neurophysiol.
117, 1885–1901. doi: 10.1016/j.clinph.2006.01.017
Parks, E. L., Geha, P. Y., Baliki, M. N., Katz, J., Schnitzer, T. J., and Apkarian, A. V.
(2011). Brain activity for chronic knee osteoarthritis: dissociating evoked pain
from spontaneous pain. Eur. J. Pain 15, 843.e1–843.e14. doi: 10.1016/j.ejpain.
2010.12.007
Paxinos, G., and Watson, C. (2007). The Rat Brain in Stereotaxic Coordinates. 6th
Edn. London, Amsterdam, Burlington: Academic Press.
Peyron, R., García-Larrea, L., Grégoire, M. C., Costes, N., Convers, P., Lavenne, F.,
et al. (1999). Haemodynamic brain responses to acute pain in humans–Sensory
and attentional networks. Brain 122, 1765–1780. doi: 10.1093/brain/122.9.1765
Peyron, R., Laurent, B., and García-Larrea, L. (2000). Functional imaging of brain
responses to pain. A review and meta-analysis (2000). Neurophysiol. Clin. 30,
263–288. doi: 10.1016/s0987-7053(00)00227-6
Porro, C. A., and Cavazzuti, M. (1993). Spatial and temporal aspects of spinal
cord and brainstem activation in the formalin pain model. Prog. Neurobiol. 41,
565–607. doi: 10.1016/0301-0082(93)90044-s
Price, D. D. (2000). Neuroscience–Psychological and neural mechanisms of the
affective dimension of pain. Science 288, 1769–1772. doi: 10.1126/science.288.
5472.1769
Sambeth, A., Maes, J. H. R., van Luijtelaar, G., Molenkamp, I. B. S.,
Jongsma, M. L. A., and Van Rijn, C. M. (2003). Auditory event-related
potentials in humans and rats: effects of task manipulation. Psychophysiology
40, 60–68. doi: 10.1111/1469-8986.00007
Shackman, A. J., Maxwell, J. S., McMenamin, B. W., Greischar, L. L., and
Davidson, R. J. (2011). Stress potentiates early and attenuates late stages of
visual processing. J. Neurosci. 31, 1156–1161. doi: 10.1523/JNEUROSCI.3384-
10.2011
Shinba, T. (1997). Event-related potentials of the rat during active and passive
auditory oddball paradigms. Electroencephalogr. Clin. Neurophysiol. 104,
447–452. doi: 10.1016/s0168-5597(97)00047-6
Smith, M. T., and Haythornthwaite, J. A. (2004). How do sleep disturbance
and chronic pain inter-relate? Insights from the longitudinal and cognitive-
behavioral clinical trials literature. Sleep Med. Rev. 8, 119–132. doi: 10.
1016/s1087-0792(03)00044-3
vanMarle, H. J., Hermans, E. J., Qin, S., and Fernandez, G. (2009). From specificity
to sensitivity: how acute stress affects amygdala processing of biologically
salient stimuli. Biol. Psychiatry 66, 649–655. doi: 10.1016/j.biopsych.2009.05.
014
Veldhuijzen, D. S., Kenemans, J. L., van Wijck, A. J. M., Olivier, B., Kalkman, C.,
and Volkerts, E. R. (2006). Processing capacity in chronic pain patients: a
visual event-related potentials study. Pain 121, 60–68. doi: 10.1016/j.pain.2005.
12.004
Wang, W., Wang, Y. H., Fu, X. M., Sun, Z. M., and Schoenen, J. (1999).
Auditory evoked potentials and multiple personality measures in migraine
and post-traumatic headaches. Pain 79, 235–242. doi: 10.1016/s0304-3959(98)
00168-7
Wang, N., Wang, J. Y., and Luo, F. (2009). Corticofugal outputs facilitate acute,
but inhibit chronic pain in rats. Pain 142, 108–115. doi: 10.1016/j.pain.2008.
12.016
Weissman-Fogel, I., Moayedi, M., Tenenbaum, H. C., Goldberg, M. B.,
Freeman, B. V., and Davis, K. D. (2011). Abnormal cortical activity in patients
with temporomandibular disorder evoked by cognitive and emotional tasks.
Pain 152, 384–396. doi: 10.1016/j.pain.2010.10.046
Wiech, K., Ploner, M., and Tracey, I. (2008). Neurocognitive aspects of pain
perception. Trends Cogn. Sci. 12, 306–313. doi: 10.1016/j.tics.2008.05.005
Witten, L., Oranje, B., Mørk, A., Steiniger-Brach, B., Glenthøj, B. Y., and
Bastlund, J. F. (2014). Auditory sensory processing deficits in sensory gating
and mismatch negativity-like responses in the social isolation rat model
of schizophrenia. Behav. Brain Res. 266, 85–93. doi: 10.1016/j.bbr.2014.
02.048
Woolf, C. J. (1995). Somatic pain–pathogenesis and prevention. Br. J. Anaesth. 75,
169–176. doi: 10.1093/bja/75.2.169
Ziino, C., and Ponsford, J. (2006). Vigilance and fatigue following traumatic brain
injury. J. Int. Neuropsychol. Soc. 12, 100–110. doi: 10.1017/s1355617706060139
Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.
Copyright © 2016 Guo, Wang, Sun and Wang. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution and reproduction in other forums is permitted, provided the
original author(s) or licensor are credited and that the original publication in this
journal is cited, in accordance with accepted academic practice. No use, distribution
or reproduction is permitted which does not comply with these terms.
Frontiers in Computational Neuroscience | www.frontiersin.org 11 April 2016 | Volume 10 | Article 41
